The silver nanoparticles are synthesized by electrodeposition in ultradilute Ag + concentration electrolyte under high overpotential. The as prepared Ag nanoparticles, with the sizes ranging from 20 to 30 nm, are arrayed orderly and formed dendritic morphology. The formation of this special dendritic nanoparticle structure can be contributed to the relatively high growth rate and the preferential growth directions along ⟨111⟩ due to the high overpotential, as well as the relative small number of Ag + ions arriving at the Ag crystal surface per unit time due to the ultradilute Ag + concentration. Surface enhanced Raman scattering (SERS) experiments reveal that the as-prepared dendritic Ag nanoparticles possess high SERS properties and can be used as a candidate substrate for practical SERS applications to detect the Rhodamine 6G molecules.
Introduction
The surface enhanced raman scattering (SERS) is a technique that can determine an enhanced Raman signal when a Raman active-molecule is close to an appropriate metallic substrate surface [1] . Recently this technique has been developed into a valuable tool for chemical and biological sensing due to its high level of sensitivity and high spectroscopic precision [2] [3] [4] . Raman signal amplification depends on electromagnetic and chemical enhancement which arises from the interaction between molecules and the active substrate of metal nanostructures [5, 6] . Previous studies have demonstrated that coinage metals, in particular, Ag, usually provide much stronger SERS enhancements than alkali metals or transition metals because the surface-plasmon resonance of these freeelectron metals can be effectively excited by visible light [7] [8] [9] . Thus the nanostructured Ag are important candidates for practical SERS applications. Usually the unique physical and chemical properties of noble metal nanoparticles are highly dependent on their size, shape, and environment of the particles [10] . As a result, great attention has been directed toward the control of the noble metal nanoparticles size, size distribution, and their morphology. So far, many methods of preparing SERS-active Ag substrates have been extensively explored in order to obtain substrates with high enhancement ability and stability [11] [12] [13] . Here we report the newly synthesized arrayed dendritic Ag nanoparticles through a simple electrodeposited method and their application as a SERS substrate.
Experimental Procedure
The dendritic Ag nanoparticles were synthesized by electrochemical deposition method at room temperature. A classical three-electrode setup (Iviumstat electrochemical analyzer, Ivium Technology) was used to carry out the electrochemical experiments. All chemicals were of reagent grade and were used without further purification. Highly diluted Ag 2 SO 4 was used to guarantee the nanostructure of the as-deposited products and the pH value of the plating solution was adjusted by adding H 2 SO 4 to keep a suitable electrical conductivity. ITO glass sheets were used as the working electrodes on which the nanostructured Ag was deposited. A silver-silver chloride electrode was chosen as the reference and a pure Pt sheet positioned parallel to the ITO glass was used as the counter electrode. A salt bridge was used between the cell and the reference electrode. The microstructure of the as-prepared nanostructured Ag was inspected by a Hitachi S-4800 scanning electron microscope (SEM) equipped with an X-ray energy dispersive spectroscopy (EDX). Surface enhanced Raman scattering was measured from 400 to 1700 cm −1 at room temperature by a Brucher VERTEK 70 Raman spectrometer with a 514.5 nm Ar ion laser. The laser power focused on the sample is 50 mW and the acquisition time is 1 second. The Rhodamine 6G (R6G), which was used as probe molecule, was dissolved into pure water (18.2 MΩ). Before SERS measurements, the ITO glasses deposited with the dendritic Ag nanoparticles were immersed in the solution for 2 h for sufficient molecule adsorption and then were dried in air for 4 hours.
Results and Discussion
As we had reported early, the noble metal nanostructures can be fabricated by electrodeposition method in a highly diluted solution with a special deposition mechanism [14] . The shape of the as-deposited nanostructured noble metals can be controlled by tuning the depositing potentials. In this study we firstly studied the electrodeposition of Ag nanostructures at different potentials in a mixed electrolyte composed of 0.5 mM Ag 2 SO 4 and 1 M H 2 SO 4 in nanopure deionized water. Figure 1 shows the morphology of Ag nanostructures deposited at different potentials. As shown in Figure 1(a) , at deposition potentials of 0 V, the Ag particles are formed with the size of ∼1 m. With more negative potential (−0.1 V), the bamboo-like Ag rods with the diameter of ∼300 nm are formed, as shown in Figure 1(b) , which implies the preferred growth of the Ag crystals. At an overpotential of −0.25 V, dendritic Ag nanostructures with size scale of ∼200 nm are obtained, as shown in Figure 1(c) .
Then the Ag nanostructures are electrochemically deposited in more dilute solution. The concentration of Ag 2 SO 4 decreases to 0.2 mM. Figure 2 shows the SEM micrograph of Ag nanostructure electrochemically deposited at the overpotential of −0.25 V. The feather-like Ag dendritic nanostructure is obtained, as shown in Figure 2(a) . The EDX result (Figure 2(b) ) confirms that the as-obtained Ag nanostructure is only composed of Ag. High-magnification SEM micrograph (Figure 2(c)) shows that a single Ag dendrite consists of many subdendrites. Figure 2(d) shows an ultra-high-magnification SEM micrograph of the Ag sub-dendrite. It clearly shows that an Ag subdendrite is composed of Ag nanoparticles with the size of ∼30 nm, which is arrayed into a dendritic morphology.
The formation of this special dendritic nanoparticle structure can be contributed to the electrochemical deposition mechanism in ultradilute solution. At the deposition potential of −0.25 V, the overpotential is much negative than the standard electrode potential of Ag (+0.799 V). At this deposition potential the Ag crystals should have a relatively high growth rate and the preferential growth direction along ⟨111⟩ [14] . However, the Ag + in electrolyte are very dilute; thus the number of Ag+ ions arriving at the Ag crystal surface per unit time is small. The arrived Ag + have enough time to find the coordination sites to decrease the surface energy. Thus the spherical Ag nanoparticles are formed. It can be concluded that the arrayed dendritic nanoparticle structure is formed due to the high overpotential and the ultradilute Ag + concentration. Figure 3 shows the SERS spectrum of R6G molecules on dendritic Ag nanoparticles. The concentration of R6G solution is 10 −10 M. It can be seen that the SERS intensity is relatively strong, which implies that these dendritic Ag nanoparticles have the potential to detect more dilute R6G solution. It is generally believed that SERS is a highly heterogeneous process due to local enhancements at certain "hot spots" coming from the nanostructure [15] . In this dendritic Ag nanoparticle, the positions of each Ag nanoparticle are ordered and relative fixed; therefore the aggregations of Ag nanoparticles cannot occur. These arrayed Ag nanoparticles act as the "hot spots, " trapping the analyte in those junctions, leading to a high SERS activity. It confirms that the asprepared dendritic Ag nanoparticles can be used as a high performance substrate for practical SERS applications to detect the R6G molecules.
Conclusion
In summary, the silver nanoparticles are synthesized by electrodeposition in ultradilute Ag + concentration electrolyte under high overpotential. The as-prepared dendritic Ag nanoparticles possess high SERS properties and can be used as a candidate substrate for practical SERS applications to detect the Rhodamine 6G molecules.
